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Asthma is a chronic airway disease for which the symptoms are wheezing, breathlessness, chest tightness and coughing, with variable and often reversible airway obstruction accompanied by airway hyper-reactivity. These symptoms result from a range of processes, including contraction of airway smooth muscle (ASM), airway inflammation, airway infections, immunoglobulin E-mediated allergic responses, exposure to pollutants, exercise, stress and the stimulation of cholinergic and sensory nerves^[@CR1]^. A key feature of asthma is decreased lung function, measured as a reduction in either the peak expiratory flow (PEF) or the forced expiratory volume in 1 second (FEV~1~). Some of the immediate symptoms of asthma are reversed by a short-acting inhaled β~2~ agonist, but longer-term control requires inhaled anti-inflammatory glucocorticoids.

Worldwide, asthma affects ∼300 million people, including both adults and children. It is associated with onset early in life and is increasing in incidence in the developed world. An interesting aspect of asthma is its heterogeneous, complex nature and the fact that it can present as a chronic, stable disease and as [asthma exacerbations](#Glos1){ref-type="list"}. Asthma can be severe or mild, and can vary spontaneously in activity and greatly in terms of the time of onset or the response to therapy. Indeed, whether asthma is one disease or a spectrum of related but subtly different conditions is often debated^[@CR2]^, and asthma has recently been divided into separate phenotypes, which are in turn subdivided into several endotypes^[@CR3]^ ([Table 1](#Tab1){ref-type="table"}). Asthma exacerbations are often triggered by multiple factors that may work in an additive or synergistic manner. This complex pathogenesis has made it challenging to understand the cellular mechanisms that are responsible for asthma, to decipher candidate genetic predispositions and to identify causative agents. The causes of asthma are multifactorial, and epidemiological studies spanning three decades across five continents have proved that there is a strong association between respiratory infections and the risk and pathogenesis of asthma.Table 1Asthma phenotypesAsthma phenotypeDescriptionAtopic (allergic) asthma•Reactivity to one or more known allergens (determined by skin prick test)•Higher than normal IgE levels•Specific IgE to allergen (determined by radioallergosorbent assay^\*^)•Eosinophils in the airways (common but not always)Non-allergic asthma•No known allergy•No or low serum IgE•No reactivity to allergen (determined by skin prick test or radioallergosorbent assay^\*^)Mild asthma•Occasional symptoms, but well controlled by therapy (low-dose glucocorticoids and/or short-acting β~2~ agonists)Stable asthma•Well-controlled symptoms•No dysregulated lung function or asthma exacerbationsSevere asthma•Poor control of symptoms despite using maximal therapy (high-dose glucocorticoids and/or β~2~ agonists, or other therapies)Asthma exacerbations•Mild or severe asthma with sudden symptom onset, often requiring medical consultation or hospitalization and possible oral glucocorticoid interventionNeutrophilic asthma•Increased number of neutrophils in bronchoalveolar lavage or sputum samples (can be allergic or non-allergic asthma)Allergic bronchopulmonary aspergillosis•Invasive colonization of the airway with *Aspergillus* spp., an opportunistic pathogen; *Aspergillus* growth promotes allergic sensitization to at least 12 known fungal allergensVirus-induced wheeze or bronchiolitis•Common in young children (\<2 years of age)•Asthma caused by a viral infection, mucus and inflammation in young children, giving a typical \'wheezy\' episode•Mild, severe, acute onset or febrileHigh T~H~2-associated atopic asthma•T~H~2 cell-associated gene expression is typical (for example, expresses *IL13* and IL-13-inducible genes)•Responds well to glucocorticoids•Prone to asthma exacerbations^[@CR135]^Low T~H~2-associated atopic asthma•A mixed phenotype of asthma•Less prominent T~H~2 type cytokine responses•More refractory to glucocorticoid treatment than patients with high T~H~2-associated atopic asthma^[@CR135]^IgE, immunoglobulin E; T~H~2, T helper 2.^\*^A radioallergosorbent assay is a blood test that is used to quantify allergen-specific IgE antibodies.

In this Review, we summarize the association of microorganisms with asthma, discuss the importance of such organisms for the disease and consider the idea that part of the cause and at least some of the pathogenesis of asthma --- in particular, of asthma exacerbations --- resultfrom microorganisms and their components. We also discuss the potential therapeutic value of microorganisms and their products for treating asthma and argue that future treatment and management of the disease must carefully consider the role of microorganisms.

**Microorganisms and asthma onset**

***The hygiene hypothesis***. The hygiene hypothesis posits that repeated exposure to diverse common infections (in particular, with bacteria, food-borne and orofaecal parasites^[@CR4]^, and hookworms^[@CR5]^) and exposure to environmental microbiota during childhood^[@CR6],[@CR7]^ are strongly associated with a healthy maturation of the immune system and with protection from the development of asthma and allergies later in life^[@CR8],[@CR9]^ . Our understanding of the importance of microorganisms in protection from allergies and asthma has been recently enhanced by a molecular analysis of the microbiome. Populations that live in environments with diverse microbiological flora are associated with a low incidence of asthma, whereas populations that live in environments with low microbiological diversity are associated with a higher incidence of asthma^[@CR7]^. The incidence of bacteria and their components in different environments has been studied using culture-dependent and molecular methods^[@CR10],[@CR11],[@CR12]^, and both qualitative and quantitative differences are found between countries with a high incidence of [atopy](#Glos2){ref-type="list"} and those with a low incidence of atopy^[@CR10]^. Evidence for the hygiene hypothesis is also supported by experiments in mice, whereby intranasal exposure to *Escherichia coli*^[@CR13]^ or *Acinetobacter lwoffii* str. F78 protects against allergic inflammation of the airways^[@CR14]^. In addition, a link has been established between the fermentation of dietary fibre by the mouse intestinal microbiota and protection against inflammatory diseases, including asthma^[@CR15]^. Although these studies provide experimental support for the hygiene hypothesis, our understanding of the mechanistic basis of this phenomenon is still in its infancy. These studies have also promoted the use of bacterial components such as Toll-like receptor (TLR) ligands and other pathogen-associated molecular patterns as potential therapies for asthma ([Table 2](#Tab2){ref-type="table"}).Table 2Current and future treatments for asthmaTreatmentNotesGlucocorticoids•Anti-inflammatory small molecules that bind the cytosolic glucocorticoid receptor and both suppress inflammation and induce anti-inflammatory pathwaysβ~2~ agonists•Widely used therapies that reduce contraction of airway smooth muscle and result in bronchodilation•Can be short or long actingLeukotriene receptor antagonists•Prevent cysteinyl leukotrienes from binding the CysLT1 receptor and inducing airway smooth muscle contraction, mucus secretion and airway inflammation•For example, montelukastTherapies against T~H~2 type cytokines•Monoclonal antibodies and soluble receptors against IL-4, IL-13 and IL-5•Reduce circulating levels of T~H~2 type cytokines^[@CR136],[@CR137],[@CR138]^IgE-specific antibodies•Monoclonal antibodies (for example, omalizumab)•Reduce levels of circulating and cell-bound IgE•A striking effect of this therapy on the incidence of asthma exacerbations has been recently reported^[@CR139]^Therapies against TNF•Soluble TNF receptors or TNF-specific antibodies•Reduce levels of circulating TNF (a major pro-inflammatory cytokine implicated in asthma pathogenesis)•Have shown limited efficacy in asthma treatment, and there are some safety concerns^[@CR140]^Vitamin D•A link between infection risk, asthma and vitamin D has received much attention recently^[@CR141],[@CR142],[@CR143]^•Data suggest an association between vitamin D and asthma risk, but a clear mechanism of how vitamin D prevents asthma is still being soughtProbiotics•Probiotics with immunomodulatory potential have been applied to allergy and asthma^[@CR144],[@CR145],[@CR146]^ as a result of the recent rise in the number of studies advocating a role for microorganisms in asthma and other inflammatory disordersPathogen-associated molecular pattern and TLR agonists•Shown to have a good efficacy as a treatment in animal models of asthma^[@CR147],[@CR148]^•Beginning to appear in clinical trials for allergic rhinitis but have yet to be applied to asthma in humansIFNs•Human studies suggest that IFNα has a clinical benefit in stable asthma^[@CR149]^•IFNβ is currently in a clinical trial for asthma exacerbations•IFNλs reduce allergic airway inflammation in mice^[@CR150]^IFN, interferon; IgE, immunoglobulin E; IL, interleukin; TLR, Toll-like receptor; T~H~2, T helper 2; TNF, tumour necrosis factor.

***Respiratory syncytial virus and rhinovirus infection in infants and bronchiolitis***. Much evidence points to a relationship between severe lower respiratory infections with human respiratory syncytial virus (human RSV; referred to hereafter as RSV) or human rhinoviruses (RVs) early in life and the development of recurrent [wheeze](#Glos3){ref-type="list"} followed by asthma diagnosis in later childhood. RSV is a negative-sense single-stranded RNA (ssRNA) virus of the *Paramyxoviridae* family. It is an important pathogen of young children (\<2 years of age) and accounts for ∼70% of severe infantile viral bronchiolitis cases^[@CR16]^. Serological monitoring shows that RSV infects nearly all children in their first 2 years of life; however, only ∼40% of children exhibit clinical signs of infection in the lower respiratory tract. For unknown reasons, some children with bronchiolitis develop recurrent respiratory symptoms. RVs are members of the family *Picornaviridae*, are composed of a positive-sense ssRNA genome of approximately 7.1--7.5 kb and can be grouped into the major and minor groups on the basis of their host receptors: major group viruses bind intercellular adhesion molecule 1 (ICAM1), whereas minor group viruses bind low-density-lipoprotein receptor (LDLR). RVs can also be classified into three groups on the basis of nucleotide sequence identity (RV-A, RV-B and RV-C). The recently proposed RV-C group viruses^[@CR17],[@CR18]^ have unique sequences at the ICAM1- and LDLR-binding sites, suggesting that they use a different (but currently unknown) receptor^[@CR19]^. It is estimated that there are more than 100 serotypes of RVs, meaning that multiple serotypes may infect an individual throughout the year^[@CR20]^. Recent cohort studies suggest that lower respiratory infections by RVs are as important as infections by RSV in terms of the risk of later asthma development^[@CR21],[@CR22],[@CR23]^.

Whether these viruses are true causative agents of asthma or (owing to shared risk factors) simply act as markers for an increased risk of asthma development, or even whether both possibilities are true, is unclear and much debated. RSV-mediated bronchiolitis is clearly associated with later asthma development^[@CR24],[@CR25]^, perhaps owing to an inappropriate or overexuberant immune response to the infection^[@CR26]^. Although associations between RSV, wheeze and asthma development are evident, birth cohort studies have shown that 90% of non-atopic wheezers lose this phenotype at school age and have normal lung function, indicating that asthma and virus-induced wheeze may be distinct diseases^[@CR27]^. The association of RSV with asthma is most clearly demonstrated in a long-term (18 years) study of a cohort of Swedish children. The most recent update from this study^[@CR28]^ reports that, compared with controls, children who have RSV-mediated bronchiolitis in infancy are more likely to be asthmatic at 18 years old (39% versus 9%), show increased sensitization to perennial allergens (41% versus 14%) and have striking persistent and recurrent wheeze (30% versus 1%). Children with a history of bronchiolitis have an enhanced interleukin-4 (IL-4) (that is, T helper 2 (T~H~2) type) response to RSV and cat allergens, whereas controls have an equally strong interferon-γ (IFNγ) (that is, T~H~1 type) response to RSV antigens^[@CR29]^. However, it is not yet clear whether the inflammation caused by viruses causes long-term respiratory disease or is associated with wheeze and asthma diagnosis because of shared risk factors.

Animal studies have further contributed to our understanding of this phenomenon^[@CR30]^, and although many clinical studies are compatible with a direct effect of RSV on the later development of recurrent childhood wheeze, it has been hard to prove this direct causal relationship. The strongest evidence that human RSV-mediated bronchiolitis has long-term effects comes from studies of palivizumab (Synagis; MedImmune), a monoclonal antibody that prevents infection by RSV in infancy. These studies suggest a causal link between infantile RSV-mediated disease and wheeze followed by asthma diagnosis in later childhood; in a study of 191 palivizumab-treated and 230 control (untreated) premature babies who were followed for 24 months, the rates of recurrent wheeze were about 50% lower in those who had prophylactic treatment with palivizumab^[@CR31]^. More recently, palivizumab prophylaxis was shown to be associated with a similar substantial protection against recurrent wheeze in children aged 2--5 years^[@CR32]^.

Much debate has focused on which of these viruses are more important to asthma development, RSV or the RVs. The answer is likely to be complicated and may involve host genetics and susceptibility factors as well as the nature of the viruses themselves. It is possible that RSV and RVs contribute to asthma development in different ways. A recent study has shown that allergic sensitization precedes or is a risk factor for symptomatic infection with RVs, and both sensitization and RV infection are strongly correlated with the occurrence of asthma at 6 years of age^[@CR33]^. By contrast, the role of RSV infection in this study seemed to be different, as sensitization did not increase the risk of infection in this cohort.

In the absence of independently conducted, placebo-controlled prospective studies of specific prophylaxis measures, doubt will remain about the nature of the association between infections with these viruses in infancy and the later development of childhood asthma. However, the evidence obtained so far raises hope that preventing such infections will have long-term beneficial effects on asthma development.

**Specific asthma phenotypes or endotypes**

***Stable asthma***. Microorganisms are now also thought to be important in the development and pathogenesis of stable asthma. 16S ribosomal RNA gene sequencing was carried out on bronchial brushings or bronchoalveolar lavage (BAL) from patients with stable asthma, patients with chronic obstructive pulmonary disease (COPD) and healthy controls^[@CR34]^, and revealed 5,054 bacterial sequences that were unique to the 43 subjects with asthma or COPD, with each bronchus containing a mean of 2,000 bacterial genomes per cm^2^ surface sampled. Pathogenic proteobacteria, particularly *Haemophilus* spp., were more frequent in the bronchi of adults with asthma or COPD than in the bronchi of controls. Similar increases in proteobacteria were found in children with asthma. In addition, there was a lack of members of the phylum Bacteroidetes in individuals with asthma when compared with controls, suggesting a potential role for commensals as well as pathogens in influencing asthma^[@CR34]^. It is thought that such commensals may stimulate the immune system such that pathogenic species are eliminated if and when infection occurs ([Fig. 1](#Fig1){ref-type="fig"}). Changes in the abundance and diversity of commensals can also affect subsequent infection by influenza viruses in mice^[@CR35]^. The lower airway thus contains a characteristic microbiota that is quantitatively and qualitatively different in patients with stable asthma or COPD than in control subjects^[@CR34]^. This study challenges the previously held belief that in healthy individuals the lower airway is a sterile environment that does not support a complex microbial ecology. The diversity of bacteria that has now been revealed suggests that clinically important microorganisms which are unidentifiable by culture have roles in airway diseases such as asthma.Figure 1The microbiome is influenced by and may determine factors affecting asthma.The microbiome is regulated by diet, environmental factors (such as smoking and pollution), treatment, host genetics, and previous infections and host immunity. The diversity of the microbiome may in turn affect asthma development, as suggested by the hygiene hypothesis, and may influence the pathogenic species that contribute to stable and severe asthma and asthma exacerbations.

Invasive pneumococcal infection (IPI), which is caused by the common pathogen *Streptococcus pneumoniae*, has also been linked to asthma. Adults with stable asthma have been shown to have a greater incidence of *S. pneumoniae* carriage^[@CR36]^, and asthma has been shown to be a risk factor for IPI in both adults^[@CR37],[@CR38]^ and children^[@CR39]^. One study had a particularly important finding^[@CR37]^: for low-risk asthma (as defined by the need for prescription medication for asthma) the [odds ratio](#Glos4){ref-type="list"} for IPI (versus no IPI) was 2.8-fold, whereas for high-risk asthma (as defined by hospitalization for asthma in the past 12 months) it was over 12-fold. Together, these studies show the importance of asthma in the risk of invasive *S. pneumoniae* infections, and combined with the other studies they strongly advocate the need for antipneumococcal vaccination for individuals with asthma.

***Atopic (allergic) asthma***. Atopic asthma is the most common form of asthma and is often characterized by eosinophils in BAL and sputum. Filamentous fungal species of the *Aspergillus*, *Alternaria*, *Cladosporium, Penicillium* and *Didymella* genera (in the phylum Ascomycota) produce spores that may act as allergens and initiate bronchial asthma in atopic individuals^[@CR40]^. Comparative genomics studies have identified proteins that act as allergens in 22 fungal species^[@CR41]^, many of which are ubiquitous in the environment and commonly found on grains and cereals. The release and abundance of fungal spores is affected by environmental factors, including season, humidity, rainfall and temperature^[@CR42]^. Many fungal aeroallergens increase in abundance in the summer along with pollen levels and have been shown to be further increased by summer storms that include lightning strikes. Indeed, fungal aeroallergens have been associated with asthma epidemics that occur during summer lightning strikes^[@CR43]^, possibly owing to spore aerosolization and fragmentation to produce finer particles that easily find their way to the lower respiratory tract.

***Neutrophilic (non-eosinophilic) asthma***. Neutrophilic asthma is a less common form of the disease that is characterized by neutrophils, with or without eosinophils, being the most abundant granulocyte in the airways of the patient^[@CR44]^. Respiratory viral infections have been associated with airway [neutrophilia](#Glos5){ref-type="list"}: asthmatic adults experiencing asthma exacerbations show increased airway neutrophilia^[@CR45]^, including neutrophil elastase in their sputum^[@CR46]^. Respiratory viruses can induce neutrophil chemokine synthesis and release^[@CR45],[@CR47]^, providing a mechanistic link between neutrophilic asthma and virus infections. Bacterial pathogens such as *Haemophilus influenzae*, *Staphylococcus aureus*, *Moraxella catarrhalis* and *Pseudomonas aeruginosa* have also been associated with neutrophilic asthma, with one study showing an association between airway neutrophils, increased bacterial load and the neutrophil chemokine IL-8 (also known as CXCL8)^[@CR48]^.

***Severe or poorly controlled asthma***. Recently, a molecular approach was used to investigate the microbiota in poorly controlled asthma^[@CR49]^, and the results suggest an association between the families Comamonadaceae, Sphingomonadaceae and Oxalobacteraceae and airway hyper-reactivity. Furthermore, this study shows that the bacteria which are found in the lung differ in health and disease and that the abundance of particular phylotypes, including members of the families Comamonadaceae, Sphingomonadaceae, Oxalobacteraceae and others, is highly correlated with the degree of bronchial hyper-responsiveness (disease severity).

Fungi have also been associated with severe asthma^[@CR50],[@CR51]^ . In fact, severe asthma with fungal sensitization (SAFS) has been considered as an independent subgroup of severe asthma, and patients with SAFS may benefit from antifungal therapy. In a recent clinical trial of antifungal therapy in patients with SAFS, improvements were seen in antifungal-treated patients (versus placebo-treated patients) in terms of asthma-related quality of life, rhinitis score, lung function and total serum IgE^[@CR52]^.

***Allergic bronchopulmonary aspergillosis***. Allergic bronchopulmonary aspergillosis (ABPA) is a unique form of asthma that is caused by colonization of the lower respiratory tract with *Aspergillus* spp. Chronic infection with *Aspergillus fumigatus* can lead to [bronchiectasis](#Glos6){ref-type="list"}^[@CR53]^, a disease that can occur in parallel with asthma and is characterized by neutrophilic inflammation, epithelial destruction and degradation of the connective tissue matrix. In this disease, the fungus acts as both a source of allergen and a pathogen, and symptoms of ABPA can be attributed to both functions. *Aspergillus* spp. are widespread fungi and potent sources of allergens^[@CR54]^, as shown by the reactivity of human IgE to at least 12 allergens derived from these species^[@CR55]^. Recently, the genome of *A. fumigatus* was sequenced^[@CR56]^, and nine new potential allergens were identified on the basis of sequence identity with other known allergens. The predicted and known allergens of *A. fumigatus* are diverse in nature and include secreted proteases, glucanases and cellulases. Recent work suggests that some *A. fumigatus* allergens are \'hidden\' from the immune system; hydrophobin (RodA) is an immunologically inert surface protein on dormant conidia, and removal of RodA through chemical or genetic means produces conidia that are able to activate the immune system, potentially explaining why fungal species often do not evoke immune responses in healthy individuals^[@CR57]^.

Colonization by *A. fumigatus* results in sensitization to fungal allergens and, subsequently, leads to allergic and/or asthma symptoms, eosinophilic and neutrophilic pneumonia^[@CR53]^, and lung damage caused by the extracellular hyphae and lung inflammation. An infection model in mice using a bioluminescent *A. fumigatus* strain^[@CR58]^ revealed that infection results in extensive haemorrhagic bronchopneumonia, characterized by inflammatory lesions on the bronchi and bronchioles, underscoring the potentially aggressive nature of this pathogen in affected individuals. Furthermore, *A. fumigatus* infection has been linked to IgE sensitization, airway neutrophilia and decreased lung function in ABPA, and antifungal therapy has also recently been shown to be effective in patients with ABPA^[@CR59]^.

***Microorganisms in asthma exacerbations***. Respiratory viruses are the major viruses associated with asthma exacerbations, accounting for 50--60% of exacerbations in all age groups^[@CR60],[@CR61]^ ([Fig. 2](#Fig2){ref-type="fig"}). RV-C may represent a group that causes more severe exacerbations, although how this occurs is unknown^[@CR18]^. Epidemiological studies have shown that, in the northern hemisphere, infections by RVs result in a marked increase in emergency room admissions owing to asthma exacerbations. In fact, this \'asthma epidemic\' has been shown to coincide with Labour Day in Canada^[@CR60]^, which is in the third week of September, ∼2 weeks after children return to school, highlighting the important role of school-age children as vectors of virus-induced asthma exacerbations. Mouse models of infection with major and minor group RVs^[@CR62],[@CR63]^ and of RV-mediated exacerbations of airway allergen challenge^[@CR62],[@CR64]^ have recently been developed and used to demonstrate the ability of RV infection to augment airway inflammation caused by allergen sensitization and challenge.Figure 2Viruses and bacteria associated with asthma exacerbations.The prevalence of viruses and bacteria in young children (\<2 years old), older children (6--17 years old) and adults, presented as median percentages from several studies (data were obtained from a recent review^[@CR134]^). Enterovirus estimations in adults and bocavirus estimations in 6--17 year olds and in adults may be under-represented owing to that data not being available in published studies.

Despite common bacterial infections first being suggested to have a role in asthma exacerbations as early as the 1940s^[@CR65]^, it was not thought that such infections were important in the pathogenesis of asthma exacerbations^[@CR66]^ until recently. However, we now realize that patients with asthma have an increased susceptibility to respiratory bacterial infections^[@CR37],[@CR38],[@CR39]^ and increased carriage of pathogenic respiratory bacteria (identified by both culture methods^[@CR36]^ and molecular techniques^[@CR34]^). Birth cohort studies have shown a link between early-life carriage of the respiratory bacteria *S. pneumoniae*, *H. influenzae* and *M. catarrhalis* and later development of recurrent wheeze in young children born to mothers with asthma^[@CR67]^. A recent study of the same children showed that acute wheezing episodes during the first 3 years of life are equally associated with both bacterial and viral infections, showing that bacteria may contribute to asthma exacerbations independently of viruses^[@CR68]^.

The atypical bacteria *Mycoplasma pneumoniae* and *Chlamydophila pneumoniae* are common respiratory pathogens and have also been associated with asthma, wheeze and asthma exacerbations in both adults and children^[@CR69],[@CR70],[@CR71]^. Detection rates for these bacteria can be as high as 80% in patients with these conditions^[@CR69]^, and serological positivity rates for these atypical bacteria are often 40--60%^[@CR69],[@CR71]^, indicating that viral and atypical bacterial infections probably interact to increase the risk of asthma exacerbations. The macrolide antibiotic clarithromycin has previously shown efficacy in patients with stable asthma who are known to be carrying either *M. pneumoniae* or *C. pneumoniae*; in such patients, the drug improves lung function and reduces tumour necrosis factor (TNF) production^[@CR72]^. More recently, the ketomacrolide telithromycin has shown efficacy in patients with asthma exacerbations, resulting in substantial reductions in the asthma symptom score and improvements in lung function^[@CR71]^. However, the effects of telithromycin were found to be not necessarily related to *C. pneumoniae or M. pneumoniae* exposure, suggesting that telithromycin has additional protective properties that are independent of its antibacterial properties.

**Microorganism-specific properties**

The identification of key microorganisms that are linked with asthma development or asthma pathogenesis raises the important question of which properties of these microorganisms promote asthma. The microorganisms that commonly infect different areas of the lower airway are shown in [Fig. 3](#Fig3){ref-type="fig"}. Some of these microorganisms may be found systemically in more severe disease, as has been shown for RVs^[@CR73]^. A key feature of a microorganism in promoting asthma is the ability to induce lung inflammation, injury, or repair and remodelling. Many of the innate receptors that recognize respiratory fungi, viruses or bacteria, including TLRs, RIG-I-like helicases and NOD-like receptors, activate the nuclear factor-κB (NF-κB) family of transcription factors, which induce more than 100 pro-inflammatory and host response genes^[@CR74]^. RSV and RVs induce a range of pro-inflammatory cytokines, chemokines, growth factors, adhesion molecules and mucins. Mucins cause mucous plugging of the airway and may provide a substrate for bacterial colonization, whereas cytokines facilitate cellular chemotaxis, and activation and proliferation of immune cells in the infected airway^[@CR45],[@CR75]^ . Microorganisms may damage and compromise the integrity of the airway by infecting airway epithelial cells, causing cell death^[@CR76]^ and shedding^[@CR77]^. They can also affect epithelial permeability, leading to increased airway inflammation and creating opportunities for increased infection^[@CR78]^, allergen uptake^[@CR79]^ or exposure to environmental pollutants, all of which are important contributing factors in asthma ([Fig. 4](#Fig4){ref-type="fig"}).Figure 3Microorganisms involved in asthma and their niches.A cross-section of the human lower respiratory tract, showing sites of infection for different microorganisms and the effects that they have on airway function.Figure 4Viruses and bacteria induce airway inflammation.Bacterial and viral infections of the airways activate immune and structural cells, promoting inflammation and influencing responses to other pathogens, allergens and pollution. Infection of airway epithelium by both viruses and bacteria induces neutrophil chemokines (CXC-chemokine ligand 1 (CXCL1; also known as GROα), CXCL5 (also known as ENA78) and CXCL8 (also known as IL-8)), and T helper 1 (T~H~1) type chemokines (CC-chemokine ligand 5 (CCL5; also known as RANTES), CXCL10 (also known as IP10) and CXCL11 (also known as ITAC)), and increases epithelial permeability. Neutrophils secrete several mediators that can contribute to inflammation and the integrity of the airway, including matrix metalloproteinases (MMPs), elastase and reactive oxygen species (ROS). Epithelial cells normally express luminal CD200, which, when bound to its receptor, CD200R, on lumen macrophages, prevents the macrophage response to inflammatory stimuli. Lumen macrophages are normally inhibitory, as they produce transforming growth factor-β (TGFβ), which inhibits inflammatory airway dendritic cells (DCs). A higher epithelial permeability or epithelial damage as a result of infection allows the unrestrained submucosal macrophages access to the allergen and to other stimuli, and this can promote overzealous inflammation. Submucosal macrophages and epithelial cells are triggered by exposure to bacteria or viruses (and their products) to produce interleukin-1β (IL-1β), IL-6 and tumour necrosis factor (TNF), which promote inflammation. ASM, airway smooth muscle; GM-CSF, granulocyte--macrophage colony-stimulating factor; IFNγ, interferon-γ; MHC, major histocompatibility complex; T~H~1, T helper 1.

Respiratory pathogens can also induce mediators that are required for airway repair, resulting in airway scarring or remodelling. These processes include angiogenesis, increased ASM proliferation and hypertrophy, and thicker basement membranes owing to collagen and fibronectin deposition, as well as the generation of new lymphatic vessels that ultimately result in thicker airway walls and reduced lung function. Whether or not viral or bacterial infections directly initiate this process is unclear; however, what is clear is that respiratory infections, including by *Mycoplasma pulmonis*, RVs, RSV and *A. fumigatus* spores, can induce some of these pro-angiogenic mediators, including fibroblast growth factors and vascular endothelial growth factors^[@CR80],[@CR81],[@CR82]^, and the structural proteins perlecan (also known as HSPG) and collagen^[@CR83]^, the building blocks of airway remodelling.

**Microorganisms and asthma treatment**

Asthma treatment often requires daily treatment with a range of immunomodulatory or immunosuppressive agents, such as macrolide antibiotics or glucocorticoids, suggesting another way that microorganisms interact with asthma. Surprisingly, scant attention has been paid to the possible effects of such treatments on an individual\'s microbiota and their antimicrobial responses. However, some studies provide indirect evidence for an immunosuppressive effect. For example, increases in bacterial pneumonia have been noted in patients with COPD who are treated with glucocorticoid therapy^[@CR84]^. Furthermore, an increased incidence of upper respiratory tract infections following treatment with the leukotriene receptor antagonist montelukast has been reported in young children with asthma^[@CR85]^. It is also interesting to speculate whether the fact that asthma is a risk factor for IPI, as previously discussed, is directly attributable to asthma therapies such as glucocorticoids. Conversely, there is some experimental evidence suggesting that the action of glucocorticoids confers benefits to antimicrobial immunity. *In vitro*, glucocorticoids have been shown to induce a number of antimicrobial peptides, pentraxins, collectins and complement proteins^[@CR86]^. Furthermore, clinical studies support the benefits of glucocorticoid use: in preschool children, the use of glucocorticoids for 2 years reduces asthma exacerbations (as measured by exacerbations that require systemic glucocorticoid administration and hospital admissions)^[@CR87]^.

Although several studies support the use of macrolide antibiotics for the treatment of atypical pathogens in patients with asthma exacerbations^[@CR88]^, it is important to consider how the microbiome is affected by macrolides or other antibiotics and how this might affect asthma and the host responses to infection. Treatment of mice with the antibiotics vancomycin, neomycin, metronidazole and ampicillin greatly changes their airway and gut microbiome and impairs their antiviral responses to influenza viruses^[@CR35]^. In human studies, it is currently unclear whether the genera that seem to colonize the airways of patients with asthma or COPD and of individuals without asthma or COPD differ because of treatment-specific effects^[@CR34]^. More research is needed to understand whether the microbiome of patients with asthma is actually a consequence of active therapy. Further large clinical trials with such treatments are required to understand the relationships between microorganisms and asthma treatments.

**Host responses and asthma**

Infections or environmental stresses may induce alterations in epithelial cells and underlying stromal cells, and these alterations may modify the response of these cells to further stimulation or may influence barrier function. For example, enhanced permeability caused by virus-induced [cytopathology](#Glos7){ref-type="list"} may lead to inhaled allergens, pollutants and other irritants having greater access to basal cells and the underlying airway tissue, which could be detrimental because submucosal antigen-presenting cells (APCs) are not restrained like their airway lumen counterparts. Epithelial cells orchestrate innate immune regulation in the airway lumen, preventing an inflammatory response to non-injurious stimuli by controlling TLR signalling and phagocytosis through the expression of [surfactant](#Glos8){ref-type="list"} proteins^[@CR89]^. Epithelial cells also express mucin 1 (MUC1), which suppresses alveolar macrophage responses by binding to TLRs^[@CR90]^.

IL-10 and transforming growth factor-β (TGFβ) from airway epithelial cells can influence the immune milieu by raising the threshold of activation of airway macrophages^[@CR91]^ and driving the expression of the inhibitory receptor CD200R on alveolar macrophages. The ligand for CD200R, CD200 (also known as OX2), is expressed on the luminal aspect of the airway epithelium, and the interaction of these two proteins prevents the activation of alveolar macrophages in the presence or absence of inflammatory stimuli^[@CR92]^. Thus, macrophages in the airspaces are less proficient at antigen presentation than submucosal macrophages, are poorly phagocytic and secrete prostaglandins and TGFβ to reduce T cell responses, leading to reversible T cell inactivation^[@CR93]^. Alveolar macrophages also actively inhibit interdigitating dendritic cells (DCs) in the airways^[@CR94]^, which in turn secrete IL-10. APCs in the submucosal tissues are less restrained by these factors simply because the cells are not exposed to these epithelium-derived innate suppressors. Should any of these pathways be altered through infection, the less restrained APCs may recognize innocuous antigens or allergens, ultimately contributing to inflammation and disease.

Recognition of respiratory microorganisms by pattern recognition receptors can inadvertently initiate or exacerbate an unrelated inflammatory condition. For instance, TLR agonists may act as microbial [adjuvants](#Glos9){ref-type="list"} that enhance the recognition of concurrent allergens^[@CR95]^. The major cat allergen Fel d 1 is often contaminated with TLR ligands derived from microorganisms found in the feline oral cavity, and the house dust mite often contains the commensal fungus *Aspergillus penicillioides*, which activates TLR2 and TLR4. These allergen preparations can contain DNA from Gram-negative microorganisms^[@CR96],[@CR97]^ . The relationship between TLRs and allergens has recently become more complex, with evidence showing that allergens themselves may be direct TLR agonists^[@CR98],[@CR99]^ . Molecular mimicry between allergens and microbial components^[@CR100]^ raises the idea that TLR-mediated recognition of allergens may be an important part of sensitization to these molecules.

Infection also causes the recruitment of APCs in high numbers and for long periods following pathogen clearance. For example, cells expressing CD11c (also known as integrin αX) display enhanced antigen presentation long after the resolution of an acute infection by influenza virus or RSV^[@CR101],[@CR102]^ . Such cells are long lasting^[@CR103]^, suggesting that an enhanced mature APC compartment assists immunological responses on subsequent exposure to environmental allergens. This would also be facilitated by an increase in [tertiary lymphoid tissue](#Glos10){ref-type="list"} in the lung [parenchyma](#Glos11){ref-type="list"}, which is a common feature following respiratory tract infection^[@CR104]^, in human asthma^[@CR105]^ and in experimental mouse models of asthma^[@CR106]^.

Successive infections may also alter the lung environment and affect the delicate balance between host, pathogen and chronic airway disease. Bacterial infections are known to follow influenza virus infections; indeed, many of the individuals who died in the influenza pandemics exhibited coexisting bacterial pneumonia^[@CR107]^. This has implications for asthma: what is assumed to be a virus-induced asthma exacerbation may in fact include a secondary bacterial infection. Data suggesting that this does occur have been reported for *C. pneumoniae*^[@CR69]^, but further studies are required to determine whether secondary bacterial infections commonly follow viral infections in asthma. Thus, by causing barrier disruption, viruses may initiate a cascade that, as described above, allows environmental bacteria better access to the underlying tissue ([Fig. 4](#Fig4){ref-type="fig"}).

**Microorganism and host factor synergy**

***T helper 2 type immunity***. T~H~2 cells are CD4^+^ T cells that produce a defined array of cytokines --- classically, IL-4, IL-5, IL-9 and IL-13 --- and home to sites of inflammation. T~H~2 cells are involved in defence against gastrointestinal nematodes and are also strongly implicated in the pathogenesis of asthma and asthma exacerbations. Case control studies show a clear link between respiratory virus infection together with allergen exposure in sensitized children^[@CR108]^ and adults^[@CR109]^ in increasing the risk of hospital admissions due to asthma exacerbations. Furthermore, experimental RV infection models have shown that patients with asthma have more severe lower respiratory tract symptoms and greater reductions in lung function than control patients, and have increases in bronchial hyper-reactivity^[@CR75]^. Exacerbation severity is strongly correlated with both T~H~2 type cytokine production from BAL CD4^+^ T cells and viral load. RV infection in mouse asthma models supports these observations, as RVs enhance T~H~2 type cytokine production by sensitized mice that are simultaneously challenged with aeroallergen^[@CR62]^. How viral infection can synergize with or act additively to T~H~2 type immunity is shown in [Fig. 5](#Fig5){ref-type="fig"}.Figure 5Respiratory viruses interact with allergens in an additive or synergistic manner, promoting asthma.Following sensitization, allergen presentation by airway dendritic cells (DCs) facilitates the promotion of T helper 2 (T~H~2) cells. Viruses infect epithelial cells, stimulating the release of T~H~2 cell-promoting chemokines CC-chemokine ligand 17 (CCL17) and CCL22, and cytokines thymic stromal lymphopoietin (TSLP), interleukin-25 (IL-25) and IL-33. The T~H~2 type chemokines attract T~H~2 cells into the airway, and these in turn secrete IL-4, IL-5 and IL-13. IL-5 promotes eosinophilia, and the resultant eosinophils release the inflammatory mediators major basic protein (MBP), eosinophil cationic protein (ECP) and transforming growth factor-β (TGFβ), inducing inflammation in the airway smooth muscle (ASM). IL-4 and IL-13 cause antibody class switching to immunoglobulin E in B cells, so that B cells secrete allergen-specific IgE. This antibody then binds mast cells, and crosslinking of the allergen on mast cell-bound IgE causes mast cell degranulation and release of preformed mediators, including histamine, prostaglandin (PGD~2~) and leukotrienes (LTC~4~, LTD~4~ and LTE~4~). These mediators cause bronchoconstriction and further airway inflammation. Mast cells also produce the T~H~2 cytokines IL-4 and IL-13, as well as other cytokines, including TGFβ and tumour necrosis factor (TNF), promoting further T~H~2 type immune responses and inflammation.

Excessive T~H~2 type responses are implicated in the pathogenesis of RSV-mediated bronchiolitis^[@CR110]^, and increased production of IL-5 by T cells at birth is associated with a greater risk of severe respiratory infection^[@CR111]^. Genetic associations also link polymorphisms in the T~H~2 gene locus to severe RSV-mediated disease^[@CR112],[@CR113]^ . Increased T~H~2 type responses are reported in peripheral blood mononuclear cells and sputum preceding acute asthma exacerbations *in vivo* and also in mixed T~H~1--T~H~2 cell populations during acute exacerbations *in vivo*^[@CR114]^. T~H~2 type immunity encompasses structural cells in addition to T~H~2-polarized CD4^+^ T cells. Bronchial epithelial cells (BECs) express CC-chemokine ligand 17 (CCL17; also known as TARC), a chemokine that binds with high affinity to CC-chemokine receptor 4 (CCR4), which is abundantly expressed on T~H~2 cells. In mice, RSV was found to induce CCL17 production, and this finding was reinforced in a T~H~2-biasing model in which mice were first vaccinated with recombinant vaccinia virus expressing RSV major surface glycoprotein G and then infected with RSV^[@CR115]^. *In vitro*, production of CCL17 by human BECs infected with human RSV requires the presence of T~H~2 type cytokines and is associated with activation of both NF-κB and STAT6 (signal transducer and activator of transcription 6)^[@CR115]^. Recently, the signalling molecule endoplasmic reticulum IFN stimulator (ERIS; also known as TMEM173) has been shown to induce STAT6 activation in viral infections^[@CR116]^, providing a potential mechanism for how viruses induce T~H~2 type cytokines or chemokines.

Thymic stromal lymphopoietin (TSLP) is a T~H~2 cell-promoting cytokine that is produced by BECs and can be induced by both bacterial (TLR2 and TLR9 activating) and viral (TLR3 and TLR8 activating) ligands^[@CR117]^. This cytokine matures the DC network and, in humans, enhances the cytolytic activity of CD8^+^ T cells and the production of T~H~2 type cytokines, leading to enhanced airway hyper-reactivity. Furthermore, mast cells in the bronchial mucosa of patients with asthma express the TSLP receptor. Together with IL-1, supernatants from TLR2-activated airway epithelial cells induce mast cell production of IL-5 and IL-13, which have pivotal roles in the development and maintenance of asthma^[@CR117]^. Both RV- and RSV-infected BECs produce TSLP. Human RSV-induced TSLP production stimulates DC expression of the T~H~2-associated molecules CCL17 and OX40 ligand (OX40L; also known as TNFSF4)^[@CR118]^. RV-induced TSLP production is synergistically enhanced by IL-4 (Ref. [@CR119]). BECs from patients with asthma also produce higher levels of TSLP than BECs from healthy individuals when polyinosinic--polycytidylic acid stimulation is used as a surrogate for viral infection^[@CR120]^. Thus, by producing TSLP in response to infection, the airway epithelium may orchestrate the pathophysiology of asthma.

IL-25 is structurally related to members of the IL-17 cytokine family but, like TSLP, is another T~H~2 cell-amplifying cytokine that is expressed by a number of different cells, including BECs. A recent study using a mouse RSV infection model demonstrated the importance of IL-25 in regulating airway disease following viral infection. Natural killer cell-depleted mice exhibit enhanced T~H~2 type airway inflammation following RSV infection. Using an IL-25-neutralizing antibody, this RSV-specific T~H~2 cell-skewed response was shown to be dependent on IL-25 production by airway epithelial cells^[@CR121]^.

Allergen-specific IgE is a key mediator in allergic reactions and has a central role in the pathogenesis of asthma. IL-4 and IL-13 stimulate the production of IgE, which binds allergen, allowing crosslinking of IgE receptors on mast cells and basophils; this causes the release of mediators that have profound effects on airway inflammation and hyper-reactivity. Analysis of nasal secretions from RSV-infected infants revealed the presence of RSV-specific IgE, and IgE levels were found to positively correlate with wheeze and higher levels of histamine^[@CR122]^, although these studies have been hard to replicate. In mice, primary RSV infection is usually dominated by T~H~1 type effects but may induce IL-4 and IL-13 expression in the lungs as well as the production of RSV-specific IgE in serum under some conditions. Transfer of RSV-specific IgE to naive mice increases airway hyper-reactivity following RSV infection, an effect that is dependent on expression of high-affinity IgE receptor^[@CR123]^. RSV infection in neonatal mice also induces T~H~2 type cytokine-dependent RSV-specific IgE. Re-infection with RSV 5 weeks later induces a T~H~2 cell-skewed immune response that is reduced in magnitude by IgE-specific antibody therapy^[@CR124]^. A mechanism has been proposed to explain how IgE against a related paramyxovirus, Sendai virus (SeV), enhances T~H~2 cell-associated airway disease in mice. This suggested mechanism involves infection-induced upregulation of high-affinity IgE receptor on conventional lung DCs. The authors speculate that the later appearance of SeV-specific IgE, after viral clearance, crosslinks IgE receptors (with viral antigen) on conventional DCs, stimulating the production of CCL28, which in turn recruits activated IL-13-producing T~H~2 cells to the lung^[@CR125]^.

Although there is still much to learn, it has become clear that understanding how respiratory infections interact with T~H~2 type immunity, thereby increasing the severity of allergic airway inflammation, may provide opportunities for the development of novel strategies to treat asthma. Therapies targeting T~H~2 type immunity and IgE ([Table 2](#Tab2){ref-type="table"}) are already yielding encouraging results.

***Increased susceptibility to viruses, bacteria or fungi in asthma***. The idea that patients with asthma might be more susceptible to viral infections than healthy individuals first surfaced through the study of co-habiting spouse pairs with and without asthma^[@CR126]^. Although individuals with and without asthma had the same incidence of RV infections, individuals with asthma had lower respiratory tract symptoms for longer than individuals without asthma, and had an increased severity of symptoms. Cultured primary BECs from adults with allergic asthma exhibit lower levels of RV-induced IFNβ (a type I IFN), lower levels of virus-induced apoptosis and higher RV loads than cells from control adults^[@CR127]^. A deficiency in the antiviral type III IFNs, IFNλ1 (also known as IL-29), IFNλ2 (also known as IL-28A) and IFNλ3 (also known as IL-28B), has also been described^[@CR128]^. IFNs may therefore be protective against RV-induced asthma exacerbations. However, two similar studies failed to see any difference between individuals with and without asthma regarding RV-induced IFN expression in similar model systems^[@CR129],[@CR130]^, suggesting that impaired IFN expression is a feature of a subset of patients with asthma. These studies raise the possibility of using IFNβ and IFNλs as therapeutics against asthma exacerbations.

Although epidemiological data clearly show that asthma is a risk factor for IPI, there are few studies that have considered a mechanistic rationale for this. Genome-wide association studies in individuals with asthma or atopy do, however, highlight polymorphisms in innate immune genes such as those encoding TLRs and transcription factors, and such polymorphisms potentially explain the increased susceptibility of these individuals to viruses, bacteria and fungi^[@CR131],[@CR132],[@CR133]^. Deficiencies in the T~H~1 type cytokines IFNγ and IL-12 in patients with asthma^[@CR75]^ also suggest that impaired host defence responses to bacteria are probably implicated. An understanding of how these genetic and cytokine differences affect host susceptibility to infection may help in establishing new therapies for asthma.

**Conclusion**

Advances in molecular microbiology offer new avenues by which to discover the roles of microorganisms in asthma pathogenesis and exacerbation. There is now overwhelming evidence that asthma can be viewed as a chronic inflammatory condition which is initiated, triggered and maintained by the respiratory microbiota. Microorganisms have roles in the onset and development of asthma but can also be protective (the hygiene hypothesis). It is not yet clear whether some organisms (especially RSV) actually cause atopic disease or are instead associated with atopy because individuals who are prone to atopy suffer more from infantile bronchiolitis. Viruses undoubtedly cause most asthma exacerbations, but some non-viral pathogens may also play a part. Certain fungi and bacteria have diverse roles in driving the pathogenesis and increasing the severity of asthma, and various microorganisms play different parts in different asthma endophenotypes. More research is needed, but our ultimate goal is to identify microbial targets that are amenable to manipulation with vaccines or antimicrobial drugs and thus to reduce the burden of asthma on society.
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Asthma exacerbations

:   Worsening or increased severity of asthma symptoms.

Atopy

:   Reactivity to innocuous substances; caused by immunoglobulin E antibodies.

Wheeze

:   Fluid or mucus in the airways, which gives rise to a typical \'wheezy\' sound when breathing.

Odds ratio

:   A measure of the ratio of the probability that an event will occur in one group versus another.

Neutrophilia

:   An abnormal increase in the number of neutrophils in a body fluid such as bronchoalveolar lavage.

Bronchiectasis

:   A chronic, irreversible inflammatory condition of the airways, involving tissue destruction and neutrophilic inflammation. Bronchiectasis has a wide range of causes and is associated with bacterial and fungal infections. It can occur in parallel with asthma.

Cytopathology

:   Changes that occur to a tissue, at the single-cell level, during disease. Viral infections typically cause cytopathology in cultured cells, and this can be used as a diagnostic marker.

Surfactant

:   A substance that interferes with the association of two liquids or a solid and a liquid. Detergents are surfactants that function by lowering the surface tension of liquids.

Adjuvants

:   Substances that enhance adaptive immune responses (both B cell and T cell responses) to immunogens. Adjuvants are not recognized by T cells or B cells themselves but may function by activating specific cells or acting as a long-term depot for slow and effective immunogen release.

Tertiary lymphoid tissue

:   Lymphoid tissue that develops only after stimulation with antigen, such as in the process of inflammation. The lymphocytes of tertiary lymphoid tissue are typically derived from primary or secondary lymphoid tissue.

Parenchyma

:   The body or bulk of a tissue, such as the lungs. The lung parenchyma typically encompasses the alveoli and cells within.
